T h e structure, function and evolution of alcohol dehydrogenases and aldehyde dehydrogenases have been studied for several years. Recent progress o n these aspects has been considerable and allows extensive conclusions to be drawn about the relationships and properties of these enzymes. Further aspects have also become available for study, such as the regulation of enzyme expression and the analysis of additional forms at the crystallographic level. T h e major results are summarized in Table 1 and are discussed further below.
Alcohol dehydrogetiase relatioriships
Alcohol dehydrogenases constitute a complex set of enzymes related at different levels. The enzymes have been analysed in this department in collaboration with several groups. Structurally, initial discoveries (together with Jeffery) revealed that alcohol and polyol dehydrogenases are distantly related in two different families, one of 'long-chain' zinc-containing enzymes, and one of 'short-chain' non-zinccontaining enzymes (Jiirnvall et ul., 198 1 ). T h e latter family also includes at least one sugar dehydrogenase (Jiirnvall et al., 1984h) . T h e zinc-containing family reveals three levels of gene duplication (Jiirnvall et ul., 1 9 8 7~) as schematically summarized in Fig. 1 .
These levels are as follows: an early level giving rise to the now distantly related alcohol/polyol dehydrogenases with about 25%) residue identity (Jeffery ef al., 1984) ; an inter- (Vallee & Bazzone, 1983) , which have now all been characterized structurally (together with Holmquist & Vallee) , and found to have about 60'%, residue identity (Hoog et ul., 19876; Kaiser et al., 1988) ; and a late level reflecting the isoenzymes of alcohol dehydrogenase within a class, which are identical to over 90% within the human liver class I isoenzymes (von Bahr-Lindstrom et ul., 1986; Ikuta et ul., 1986) . The last level is of recent origin and apparently different between mammalian species (Buhler et al., 1984) . Therefore, these isoenzyme patterns differ, and interpretations of functional properties of human alcohol dehydrogenase should not indiscriminately utilize the isoenzyme relationships from other species. In addition, a further alcohol dehydrogenase type (iron-activated) has recently been analysed in yeast and the bacterium Zymomonas (Nealc et ul., 1986; Williamson & Paquin, 1987) . Relationships among all structurally characterized forms have been determined (Jornvall et al., 1987h) and arc shown in Fig. 1 .
Strirciirre-~rtictiori relationships for alcohol dehydrogenases
The tertiary structure of one of these enzymes has been determined by X-ray crystallographic analysis (Eklund et al., 1976) . This is the horse liver dimeric EE isoenzyme, which is a member of the long-chain zinc-containing alcohol dehydrogenases of class 1 in mammalian liver (Jornvall et ul., l987h) .
Consequently, we are fortunate in having a model structure to utilize in collaboration with Eklund and co-workers (Uppsala University), for conformational and functional correlations, once the primary structures and enzymic properties have been determined. All the long-chain zinccontaining alcohol/polyol dehydrogenases are conformationally related, can be built into the model, and the local differences found can structurally explain the variations in catalytic properties. Thus, the tetrameric yeast alcohol dehydrogenases can be accommodated in the model to illustrate restrictions in substrate specificities (Jiirnvall et al., 1978) . The liver sorbitol dehydrogenase can be accommodated to illustrate changes in substrate types and probably in the ligands of the active-site zinc atom (Eklund et al., 1985) . The class I isoenzymes can be accommodated to show consequences of single amino acid replacements in functional terms (Eklund et al., 1987; Burnell et al., 1987) . Finally, it is possible to accommodate (H. Eklund, unpublished work) the inter-class liver alcohol dehydrogenase differences, although the replacements in those cases are more extensive and these dehydrogenases represent intermediate steps towards new enzymes rather than isoenzymes (Jiirnvall et al., 1 9 8 7~) .
All these separate comparisons rcly heavily on one crystallographically analysed structure, and span quite extensive differences (from about 25% to over 90'% residue identity). Consequently, direct crystallographic interpretations of additional forms would be desirable, as pointed out in rela- et al., 19846, 1987u, 19876; Kaiser et ul., 1988; Neale et ul., 1986; Williamson & Paquin, 1987.) al., 1988) which has a highly different and thus far uncharacterized native substrate. Nevertheless, the present models are sufficient to establish overall relationships and to explain many, although not all, effects on enzymic and other properties. A summary of these observations is given in Table 2 , emphasizing both positive results and limitations. A second approach to the interpretation of structure-function relationships in this enzyme family utilizes species differences and allelic differences for one enzyme. rather than enzyme differences. More direct conclusions can be obtained in this manner by studies of closely related variants, representing 'natural mutagenesis' as an alternative to 'site-directed mutagenesis'.
Species variations within the individual enzymes show that the class 111 enzymes are considerably more conserved than the class 1 enzymes, as analysed in collaboration with Julia & Pares (1988) . Thus, the rat/human class 111 forms are conserved to 94% versus 82% for the rat/human (type B) class 1 forms (Julia el at., 1988); similarly, the horse class 111 enzyme is highly related to the rat/human class 111 forms (Kaiser et al., 1988) , and considerably more so than the corresponding class 1 forms. Consequently, the class 111 enzyme, which is the most recently discovered member of the human liver alcohol dehydrogenases (Pares & Vallee, I98 1). is concluded to have strict requirements on its structure, presumably indicating more critical functional role( s), or more complicated interactions. Similarly, and in greater detail, allelic variations have directly established the functional importance in coenzymebinding and active-site relationships of Arg/His-47 (Jornvall ef ut., 1Y84u), Arg/Gln-271 (Hoog et ul., 1986) and Arg/ Cys-369 (Burnell et al., 1987) replacements among naturally occurring subunits within class 1 human liver alcohol dehydrogenase.
T h e third approach to the interpretation of structure-function relationships is to use replacements by site-directed mutagenesis. This has been utilized to produce variants of the yeast enzyme (Murali & Creaser, 1986 ) with replacements at two positions (48 and 93) concluded to be important from the model studies mentioned above. Other such variants have also been produced (cf. Green & Plapp, 1087) . Similarly, recent production of mutagenically altered mammalian alcohol dehydrogenase with Glu-174 instead of Cys-I 7 4 to mimic the sorbitol/alcohol dehydrogenase difference in ligand for the active-site zinc atom (Eklund et ul., 1985) has shown generation of an active enzyme (Hoog et at., 1987a), supporting the conclusions from the model accommodations mentioned above. This approach offers many further possibilities of directly testing current interpretations.
Functioriut properlies of alcohol dehydrogenase
Progress in this field has also been obtained. Although the critical metabolic roles of alcohol dehydrogenases have hardly been defined in a manner that explains the abundance of the enzymes in the liver, and the widespread organ distribution, the data allow further metabolic and functional interpretation.
First, the presence of an enzyme system, and the distinction of isoenzymes/different enzymes/intermediate forms in one organism (Fig. 1) suggest multiple functions. Different roles are also suggested by the fact that the enzymes vary in extent of long-term evolutionary conservation, as revealed by the differences in changes between the proteins of classes 1 Vol. 16 and 111 (above). Consequently, one substrate is probably not to be expected in all cases and different roles within the alcohol dehydrogenase system appear likely. However, single enzyme forms can probably fulfil strict functional roles (cf. Giri & Goldman, 1987) as suggested by the conserved class 111 structure between different species (above). Secondly, the direct structure-function correlations (above) show alterations at the active site, especially among the three enzyme classes, where sizes and properties of substrate pockets differ considerably (Julia etml., 1988; H. Eklund, unpublished work). Detailed molecular correlations and overall evolutionary estimates therefore agree in suggesting that alcohol dehydrogenases are distinct enzymes with probably different and multiple functional roles.
Finally, recent data on the regulation of gene expression show that class I alcohol dehydrogenase is induced by glucocorticoids. A receptor-mediated transcriptional enhancement or, in part, an increased alcohol dehydrogenase mRNA stability have been postulated as mechanisms behind this glucocorticoid induction of the enzyme (Dong et al.. 1988) . Similarly, androgens have also been shown to stimulate some alcohol dehydrogenase gene expressions (Ceci et al., 1986) . Both these reports broaden the aspects of metabolic roles and suggest that at least some of the alcohol dehydrogenases participate in wider systems, co-regulated with further genes by hormonal and other mechanisms.
Aldehyde cleh ydroget iuse
Knowledge o n aldehyde dehydrogenase is less extensive than on alcohol dehydrogenase, mainly because the enzyme was purified later (Eckfeldt et al., l976) , and its primary structure was not determined until 1984 (Hempel et ul., 1984) , 14 years after the first primary structure of alcohol dehydrogenase was elucidated. Furthermore, its tertiary structure has still not been analysed crystallographically. The limited information has been summarized in attempts to map functionally important regions of this 500-residue mature protein chain, which differs by 32% between the mitochondrial and cytosolic forms of the human enzyme (Hempel et al., 1985) . Since then, additional results offer to produce rapid progress in further interpretation of the aldehyde dehydrogenase structure.
Thus, the primary structure of horse mitochondrial aldehyde dehydrogenase has recently been determined (Johansson et al., 1 9 8 8 )~ making a set of four aldehyde dehydrogenases characterized, which allows comparison of the two enzyme types (mitochondrial/cytosolic) from the same species variants (human/horse). The results illustrate that the two enzyme types are distinct and have evolved separately. They also show that evolutionary rates differ with the species, as applicable to proteins in general, but especially well illustrated with globins and aldehyde dehydrogenases (Johansson et al., 1988) . Finally, the results show that the mitochondrial enzyme is slightly more conserved than the cytosolic enzyme. ' More importantly, crystals suitable for X-ray crystallography of aldehyde dehydrogenase have been obtained from the human liver mitochondrial enzyme (Lundquist et ul., unpublished work) suggesting that the tertiary structure of aldehyde dehydrogenase may soon be determined. The availability of species variants as mentioned above, functionally different mutants (Hsu et af., 1985) and specifically labelled forms (Hempel et al., 1982; von Bahr-Lindstrom et al., 1985; Abriola et al., 1987) , mapping important residues, thus promise to give productive interpretations on detailed structure-function relationships for aldehyde dehydrogenase. von Bahr-Lindstrom, H., Jeck, R., Woenckhaus, C., Sohn, S., 
Introdirctioti
Through analysis of alcohol and aldehyde dehydrogenase enzymes at the protein level, the number of gene loci which encode these enzymes has been determined (Smith et al., 1972; Li & Magnes, 1975; Pares & Vallee, 1981) . The tissue distribution, and kinetic properties have been defined and in addition a number of allelic variants were identified (Smith et a/., 1973; Bosron et a/., 1980 Bosron et a/., , 1983 Yoshida et ul., 1983) . Refinement of purification procedures led to isolation of enzyme polypeptides suitable for amino-acid sequence analysis (Impraim el a/., 1982; Hempel et a/., 1984a,h,c; Buhler et ul., 1984) . Availability of amino-sequence data led to the development of oligonucleotide probes to screen liver complementary (c) DNA libraries to isolate cDNA clones for alcohol and aldehyde dehydrogenases (Duester et a/., 1984; Smith, 1986; von Bahr-Lindstrom et a/., 1986) . In certain instances, cDNA clones were isolated using antibodies to purified enzymes and expression libraries of liver cDNA (lkuta et a/., 1986; Hsu et a/., 1985) . Subsequently, cDNA clones were used to isolate genomic DBA clones and to examine the organization of the alcohol metabolizing genes. This paper will describe studies which we and our collaborators have carried out over the past 3 years primarily on class 1 alcohol dehydrogenase (ADH) and, to a lesser extent, on mitochondrial aldehyde dehydrogenase. In the case of ADH, the genomic probes which we have isolated for a-, Pand y-ADH genes and the application of these probes to physical gene mapping, investigations of inherited variations and genetic linkage analysis will be described. Results of studies in human hepatomas indicate that definition of the gene mapping relationships may contribute to our understanding of the mechanism of their origin and to our understanding of the clinical manifestations in hepatomas. Analysis of RNA species in different tissues and detailed analysis of cDNA clones has led to insights into some of the factors which may be involved in the regulation of expression of class 1 alcohol dehydrogenases and mitochondrial aldehyde dehydrogenases (ALDH).
Physical chromosome mapping ofthe class I and class I1 ADH loci
Physical mapping of the ADH loci was initially accomplished using a P-ADH cDNA clone, pADH 12 and a series of man-rodent hybrids. Since the three class 1 ADH genes ( a , /? and y), have a high degree of sequence homology (Duester et al., 1984; Ikuta et a/., 1986, von Bahr-Lindstrom Abbreviations used: ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; RFLP, restriction fragment length polymorphism; EGF, epidermal growth factor; IL 2. interleukin 2; lod, logarithm of the odds in favour of linkage. et ul., 1986) , under conditions of low and medium stringency the P-ADH cDNA probe hybridizes to restriction fragments from all three genes. On analysing Southern blots of genomic DNA of human, rodent and hybrid cell lines, we observed that all of the pADH 12 hybridizing fragments characteristic of human DNA were present in hybrids containing human chromosome 4 (Smith et ul., 1984) . Analysis of DNA from hybrids containing fragments of human chromosome 4, provided evidence that the class 1 ADH genes were located in the region 4q21-4q24 (Smith et a/., 1985) . Confirmation of this physical assignment has been obtained in studies on the linkage relationships of ADH and other genes assigned to human chromosome 4 (see below).
Derivation of ADH genomic clones
The first series of ADH genomic clones were derived by screening of the Maniatis library of human genomic DNA in I phage with the P-ADH cDNA clone pADH12. A second series of clones was derived by screening of either the Maniatis library or of a genomic DNA library prepared from a hybrid which contained chromosome 4 as the only human chromosome. In this second screening the most 5' region of the longest P-ADH genomic clone was used. The genomic clones were classified as being derived from the 0-, P-or y-ADH loci based on stringency of hybridization and sequence analysis in regions where amino-acid analysis had indicated that substitutions specific for a-, b-, or y-ADH occurred (Duester et ul., 1986) .
Based on the sizes of the genomic clones which were isolated and on the fact that no overlaps were detected in the restriction maps of the clones, it seems likely that the ADH genes are not immediately adjacent to each other (Duester et ul., 1986) .
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ADH regitlutioti
Detailed sequence analysis in the 5' ADH region by Duester et ul. (1986) led to the identification of a number of interesting features. Located 27 base pairs (bp) and 158 bp, respectively, upstream of thc transcription initiation site, the P-ADH gene contains sequences which match closely to the TATA box and CCAT box. These sequences are associated with eukaryotic promoters (Breathnach & Chambon, 198 1; Benoist et a/., 1980) . At -250 bases there is a sequence which matches in seven out of eight bases with the enhancer core sequence and which is embeddcd in a purine-rich stretch of DNA. Enhancer elements are sequences of DNA which have been shown to influence gene transcriptional activity through enhancement of RNA polymerase binding (Weiher et a/., 1983) . A number of investigators have determined that purine and pyrimidine asymmetry usually occurs in the region of enhancer sequences, and that this asymmetry is necessary for correct function of the enhancer elements (Gillies et ul., 1984) . In a number of other gene systcms investigators have succeeded in identifying DNA-binding
